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Estrogen action, via both nuclear and extranuclear estrogen receptors (ERs), induces a variety of
cellular signals that are prosurvival or proliferative, whereas nitric oxide (NO) can inhibit apoptosis
via caspase S-nitrosylation and via activation of soluble guanylyl cyclase to produce cGMP. The
action of 17�-estradiol (E2) at ER is known to elicit NO signaling via activation of NO synthase (NOS)
in many tissues. The MCF-10A nontumorigenic, mammary epithelial cell line is genetically stable
and insensitive to estrogenic proliferation. In this cell line, estrogens or NOS inhibitors alone had
no significant effect, whereas in combination, apoptosis was induced rapidly in the absence of
serum; the presence of inducible NOS was confirmed by proteomic analysis. The application of
pharmacological agents determined that apoptosis was dependent upon NO/cGMP signaling via
cyclic GMP (cGMP)-dependent protein kinase and could be replicated by inhibition of the phos-
phatidylinositol 3 kinase/serine-threonine kinase pathway prior to addition of E2. Apoptosis was
confirmed by nuclear staining and increased caspase-3 activity in E2 � NOS inhibitor-treated cells.
Apoptosis was partially inhibited by a pure ER antagonist and replicated by agonists selective for
extranuclear ER. Cells were rescued from E2-induced apoptosis after NOS blockade, by NO-donors
and cGMP pathway agonists; preincubation with NO donors was required. The NOS and ER status
of breast cancer tissues is significant in etiology, prognosis, and therapy. In this study, apoptosis of
preneoplastic mammary epithelial cells was triggered by estrogens via a rapid, extranuclear ER-
mediated response, after removal of an antiapoptotic NO/cGMP/cGMP-dependent protein kinase
signal. (Endocrinology 151: 5602–5616, 2010)

Nitric oxide (NO), produced by the NO synthase
(NOS) family of proteins, modulates a variety of

important physiological responses, including cell prolif-
eration, invasion, migration, expression of angiogenic fac-
tors, and apoptosis. Regulation of these responses is medi-
ated by activation of the primary NO effector soluble
guanylyl cyclase (sGC) to produce the secondary messenger
cyclic GMP (cGMP), and by NO-based chemical modifica-
tions of proteins and lipids, or reactions with metals and free
radicals. NO is a lipophilic, short-lived physiological mes-
senger, argued to diffuse over a wide area (1). On the other
hand, there are arguments in favor of the concept of local or
spatially defined NO signaling (2–4).

NO steady-state concentration has emerged as a key
determinant of biological function (5), whereby lower
concentrations promote cell survival and proliferation via
cGMP-dependent pathways, and higher levels favor cell
cycle arrest, apoptosis, and senescence (6). The latter cy-
totoxic effects have been associated with activation of cells
involved in inflammatory responses and induction of in-
ducible NOS (iNOS) (7). Several studies suggest that high
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NO concentrations generated by exogenous sources or
forced overexpression of iNOS may be used to kill tumor
cells; paradoxically, iNOS is overexpressed in many tu-
mors, and overexpression of iNOS often correlates with
poor prognosis, leading to iNOS inhibition as a proposed
target for cancer therapy (8, 9). cGMP-independent post-
translational nitrosation of caspase and pol(ADP-ribose)
polymerase are reported as antiapoptotic cell defenses (10,
11). Apoptosis is a fundamental cellular activity to protect
against neoplastic development by eliminating genetically
damaged cells. Inhibition of spontaneous and metaboli-
cally induced apoptosis is one mechanism underlying car-
cinogenesis, facilitating tumor progression and limiting
the effectiveness of cancer treatment.

Observations from clinical trials and epidemiological
studies support the hypothesis that estrogen contributes to
breast cancer (12–14). In breast cancer epithelial cell lines,
there is strong evidence for a prosurvival signal induced by
estradiol (E2) leading to up-regulation of the B-cell lym-
phoma 2 (Bcl-2) antiapoptotic factor (15, 16). In contrast,
in normal cells, inhibition by E2 of apoptosis induced by
oxidative or other stress is documented: for example, in
cardiomyocytes, E2 prevented apoptosis via activation of
phosphatidylinositol 3 kinase (PI3K) and serine-threonine
kinase (Akt) phosphorylation (17, 18).

MCF-10A immortalized breast epithelial cells play an
increasingly important role in studies on chemical carci-
nogenesis, because the malignant transformation of these
“normal” cells can be correlated with genetic changes
(19–21). The growth and survival of normal cells in cul-
ture is dependent on exogenous factors present in serum,
whereas tumor cells have a reduced requirement for such
factors and can often survive under serum-free conditions.
Growth and survival factors activate a variety of intracel-
lular signal transduction pathways, including antiapop-
totic PI3K/Akt and MAPK signaling pathways (22). Inhi-
bition of these kinase pathways is a target for therapy in
estrogen sensitive, endocrine resistant, and chemoresis-
tant breast cancer (23). Therefore, it was of interest to
study the interplay of estrogen, PI3K/Akt, and NO in se-
rum-deprived MCF-10A cells. Estrogens are not prolifer-
ative in MCF-10A cells, and in contrast, in this study were
revealed to be apoptotic when PI3K/Akt or NO/cGMP
pathways were blocked. Proteomic analysis showed that
iNOS was induced at low levels, maintaining a cGMP-
dependent cytoprotective brake on estrogen-triggered ap-
optosis. These data reveal a novel antiapoptotic role for
iNOS/NO/cGMP, likely via inhibition of mitochondrial
pore transition; in addition to a novel estrogenic, pro-
apoptotic signal via an extranuclear estrogen receptor
(ER) in human breast epithelial cells (Scheme 1).

Materials and Methods

All chemicals were purchased from Sigma (St. Luis, MO) or
Cayman Chemical (Ann Arbor, MI) unless stated otherwise.
Pharmacological agents used: 1400W NOS inhibitor [Ki endo-
thelial NOS (eNOS) � 75 �M; Ki iNOS � 0.14 �M; Ki neuronal
NOS (nNOS) � 2.0 �M]; 7EqCD extranuclear ER agonist; 8-Br-
cGMP membrane-permeable cGMP analog; AG1478 epidermal
growth factor (EGF) receptor (EGFR) antagonist; BAY58-2667
(Cinaciguat) sGC activator; cyclosporine A (CsA) immunosu-
pressant blocks mitochondrial permeability transition (MPT);
diethylamine (DEA)/NO diazeniumdiolate NO donor (t1/2 � 2
min); desmethylarzoxifene (DMA) selective ER modulator
(SERM) DMA; E2-BSA membrane-impermeable BSA protein-
conjugated estrogen; equilenin (EN) equine estrogen; G-15 se-
lective G protein-coupled receptor 30 (GPR-30) antagonist; ICI
182780 (ICI) pure antiestrogen; KT5823 cGMP-dependent pro-
tein kinase (PKG) inhibitor; menadione redox-cycling reactive
oxygen species (ROS) generating p-quinone; MPP (methyl-pip-
eridino-pyrazole dihydrochloride selective ER� antagonist);
NG-nitro-L-arginine (L-NAME) prodrug of the NOS inhibitor
(Ki eNOS � 0.04–0.2 �M; Ki iNOS � 4 �M; Ki nNOS � 0.02–
0.2 �M) (24–27); LY294002 PI3K inhibitor; 1H- [1,2,4]oxadia-
zolo[4,3-a]quinoxalin-1-one (ODQ) sGC inhibitor; PD98059
MAPK/ERK kinase inhibitor; PPT [1,3,5-Tris(4-hydroxyphen-
yl)-4-propyl-1H-pyrazole selective ER� agonist]; SB203580 p38
MAPK inhibitor; S-methyl-L-thiocitrulline (SMT) NOS inhibi-
tor (Ki eNOS � 11 �M; Ki iNOS � 40 �M; Ki nNOS � 1.2 �M)
(28, 29); S-nitroso-N-acetylpenicillamine (SNAP); spermine
(SPE)/NO diazeniumdiolate NO donor (t1/2 � 40 min); THC
[(R,R)-cis-diethyltetrahydro-2,8-chrysenediol ER� antagonist
and ER� partial agonist]; and z-v caspase inhibitor benzyloxy-
carbonyl-Val-Ala-Asp (OMe) fluoromethylketone (Z-VAD-
FMK). 7EqCD, BAY58–2667, and G-15 were synthesized by
literature procedures and fully characterized (30–32).

Cell culture
All cell culture reagents were purchased from Invitrogen

(Carlsbad, CA) unless stated otherwise. MCF-10A cells, origi-
nally from the Michigan Cancer Foundation (Rochester, MI),

SCHEME 1. Modulation of both the NO/cGMP and PI3K/Akt
antiapoptotic signals in MCF-10A human mammary epithelial cells,
was elicited by pharmacological intervention using pathway inhibitors
(e.g. LY294002 and KT5823) or pathway activators (e.g. 8-Br-cGMP).
Attenuation of the antiapoptotic NO/cGMP signaling pathway revealed
the ability of estrogens to elicit apoptosis via extranuclear ER. In the
absence of NO/cGMP-mediated control, the activation of this
extranuclear ER mediated a rapid estrogenic cell death signal that was
blocked by inhibition of MPT or inhibition of caspase-3. For a full
description of pharmacological agents, mechanisms of action, and
abbreviations used, please see Materials and Methods.
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were sourced as gifts from Mei Lin Chen (University of Illinois at
Chicago), Vincent Cryns (Northwestern University, Chicago,
IL), or from American Type Culture Collection (ATCC; Man-
assas, VA). MCF-10A cells were grown in phenol-red-free
DMEM/F-12 media supplemented with 100 ng/ml cholera toxin,
10 g/ml insulin, 0.5 g/ml hydrocortisol, 20 ng/ml EGF, 1%
10,000 U penicillin G, 10 mg/ml streptomycin, and 5% heat-inac-
tivated fetal bovine serum (FBS). For drug treatments, MCF-10A
cells were treated with compounds as indicated in DMEM/F12 me-
dia in the absence of serum and other growth factors/supplements;
unless otherwise indicated, cells were pretreated with L-NAME for
1 h. Antibodies for Western blotting were purchased from Cell
Signal (Danvers, MA). BT20 cells and HCC38 cells were a kind
gift from Vincent Cryns (Northwestern University). BT20
cells were grown in MEM with Earle’s salts and L-glutamine
supplemented with 10% FBS, 1 mM sodium pyruvate, 1�
nonessential amino acids, 1.5 g/liter sodium bicarbonate and
1% 10,000 U penicillin G, and 10 mg/ml streptomycin.
HCC38 cells, originally from ATCC, were grown in RPMI
1640 media supplemented with 10% heat-inactivated FBS.

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay

At 20–30% confluence, MCF-10A cells were treated in trip-
licates in 12-well plates. Experiments were repeated in a 96-well
plate format at similar low seeding cell density with similar re-
sults. At 24-h intervals, assay was performed with MTT
(M2128; Sigma-Aldrich, St. Louis, MO) according to the man-
ufacturer’s protocol. Similarly, MTS [(3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium] (CellTiter 96 Aqueous; Promega, Madison, WI) assay
was used to measure cell viability. Data are reported as mean �
SEM or SD analyzed by one-way ANOVA with Tukey’s multiple
comparison test using GraphPad Prism version 4.00 for Win-
dows, GraphPad Software (GraphPad, San Diego, CA).

Immunoenrichment and detection of iNOS
MCF-10A cells were treated with dimethylsulfoxide (DMSO)

vehicle as indicated in DMEM/F12 media in the absence of serum
and other growth factors/supplements. Cells were washed in
PBS, resuspended in lysis buffer (no. 9803; Cell Signal) contain-
ing 1 mM phenylmethylsulfonylfluoride for 5 min, mixed, and
centrifuged at 12,000 � g for 10 min; 1 ml of cell lysate was
collected and treated with NaN3 and 2 ml of PBS. Immunopre-
cipitation of iNOS was performed by the addition of a mixture
of 0.25 �l biotinylated iNOS antibody (Signet, Norwell, MA).
Samples were then rotated at room temperature for 12 h fol-
lowed by the addition of 4 �l T1 streptavidin coated magnabeads
and rotated for an additional 2 h. Beads were washed three times
with 10 mM NH4CO3 (pH 8.0), and the iNOS protein was eluted
using 25 �l of a mixture of 75% acetonitrile and 1% trifluoro-
acetic acid in water. The acid neutralized, concentrated proteins
were digested with trypsin. The peptide mixture (30 �l, 10 �g
enriched proteins) was injected onto a reversed phase column (75
�m � 150 mm Zorbax SB300 C-18; Agilent Technologies, Santa
Clara, CA) connected to a Dionex Ultimate 3000 HPLC system
and a Thermo Finnigan LTQ-FT mass spectrometer equipped
with a nanospray interface. The samples were chromatographed
using a binary solvent system consisting of A, 0.1% formic acid
and 5% acetonitrile; and B, 0.1% formic acid and 95% acetonitrile
ata flowrateof200nl/min.Agradientwasrunfrom15%Bto55%

B over 60 min. The mass spectrometer was operated in positive ion
modewiththetrapset todata-dependentMS/MSacquisitionmode.
Data analysis was carried out using the MassMatrix software plat-
form (33, 34). The library searching and de novo interpretation
identified the detected proteins from the individual peptides. The
results for all proteins detected were collected and listed by protein
name, detected peptide sequence(s), and search score.

Western blot analysis
MCF-10A cells were treated with compounds as indicated;

pretreatment with the different inhibitors varied from 30 min to
1 h. Cells were washed in PBS, resuspended in lysis buffer (no.
9803; Cell Signal) containing 1 mM phenylmethylsulfonylfluo-
ride for 5 min, mixed, and centrifuged at 12,000 � g for 10 min.
Protein concentration was measured in supernatants using the
Bradford Assay kit (Bio-Rad Laboratories, Hercules, CA). Equal
aliquots of total protein samples (20 �g per lane) were electro-
phoresed on a 4–12% Bis-Tris polyacrylamide gel, transferred to
polyvinylidene fluoride membranes (Invitrogen), and blotted using
antibodies to pAkt, Akt, p-glycogen synthase kinase (GSK)-3�,
ER�, eNOS, nNOS (Cell Signal), and iNOS (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA). �-Actin was used as a control for
loading and transfer. The blotted proteins were visualized using the
enhanced chemiluminescence detection system (Fisher Scientific,
Itasca, IL) and quantitated using AlphaEaseFC software.

Caspase-3 activity
Caspase-3 activity was measured with Sigma colorimetric

caspase-3 kit using DEVD-p-nitroanilide (DEVD-pNA) as sub-
strate according to the manufacturer’s instructions. Caspase in-
hibitor Ac-DEVD-CHO (2 mM) was used as a negative control.
Results are expressed relative to control caspase-3 activity.

4,6�-Diamidino-2-phenylindole (DAPI) staining
MCF-10A cells were grown (106 cells/ml) on each of eight

wells on a sterile Nunc chambered cover glass and incubated for
48 h at 37 C with 5% CO2 containing the above media. MCF-
10A cells were treated with E2 1 nM, L-NAME 5 �M, DMSO as
vehicle control, and E2�L-NAME where L-NAME was admin-
istered as a pretreatment for 30 min. Then treated cells were
washed with PBS and fixed with 4% paraformaldehyde for 30
min. Cells were rinsed two times with PBS and mounted with 0.2
ml of DAPI hydrochloride containing mounting media (Vector
Laboratories, Inc., Burlingame, CA). The coverslip was sealed
with nail polish to prevent drying and movement under micro-
scope. Imaging was performed with a Zeiss LSM510 laser-scan-
ning confocal microscope (Zeiss, Oberkochen, Germany) with
the detector gain adjusted to eliminate the background autofluo-
rescence. The fluorescence signal from DAPI staining was mon-
itored with a 345-nm UV laser and a 440-nm band pass filter. A
�63 (1.2 numerical aperture) water immersion objective was
used for all experiments.

Results

NOS inhibition facilitates a death signal induced
by E2 but not by survival/growth factors

Mammary epithelial cells can respond to serum star-
vation by undergoing apoptosis. However, MCF-10A
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cells have been reported to respond by undergoing apo-
ptosis only when confluent and plated at high density (35,
36). For example, in serum-free medium (SFM), the in-
crease in apoptotic nuclei at 48 h was reported to be in-
hibited by addition of EGF, insulin, or extracellular matrix
components, changes accompanied by modulation of pro-
apoptotic (Bax) and antiapoptotic factors (Bcl-2). Here,
MCF-10A cells plated at low density were observed to
show a typical response to serum starvation and growth
factor withdrawal in the presence of vehicle using the
MTT assay to measure cell viability (Fig. 1A). Addition of
IGF restored cell viability independent of NOS inhibition
(Fig. 1A). Addition to the SFM of E2 was also without
effect on cell viability (Fig. 1B). Similarly, without effect
was the NOS inhibitor L-NAME (5 �M). However, after
inhibition of NOS activity by preincubation with
L-NAME for 30 min, the addition of E2 (1 nM) triggered
a loss of cell viability not seen with either agent alone (Fig.
1B). To determine whether NOS activity was essential for
mediating a general survival pathway, MCF-10A cells
were grown in SFM in the presence of the EGFR antago-
nist, AG1478 (Fig. 1C). Antagonism of the proliferative
EGF signal led to the expected reduction in cell viability
without dependence on NOS inhibition, whereas the
death signal initiated by E2�L-NAME was additive with
the effects of AG1478.

Inhibition of PI3K/Akt signaling facilitates the E2

death signal
Signal transduction via the PI3K/Akt kinase cascade is

known to provide a cellular survival message that may be
induced by E2 or IGF-I (37, 38). Inhibition of PI3K/Akt
signaling in MCF-10A cells using LY294002 (5 �M) fa-
cilitated the cell death signal elicited by E2 (Fig. 1D), al-
though LY294002 alone elicited a more modest loss of cell
viability. Signaling via p38 MAPK is a pathway associated
with caspase induction and has been reported to mediate
the proapoptotic effects of NO (39) and to be opposed by
an NO-induced antiapoptotic MAPK/ERK signal (40).
The MAPK/ERK pathway is normally associated with a
proliferative or prosurvival signal, and in MCF-7 cells,
rapid activation of ERK is caused both by addition of
exogenous NO donors (5) and by the action of estrogen at
membrane-associated ER (41). Inhibition of the MAPK/
ERK pathway using PD98059 caused cell death indepen-
dent of E2 (Fig. 1E). Inhibition of p38 MAPK signaling
with SB203580 facilitated a weaker E2-induced death sig-
nal, again independent of NOS inhibition (Fig. 1F).

E2 rapidly induces apoptosis in the presence of
NOS blockade

To confirm the nature of the cell death observed, MCF-
10A cells were stained with DAPI dye under similar con-

ditions to those used to derive the data presented in Fig.
1B. Cells exposed to E2 after preincubation with L-NAME
showed the typical cell morphology associated with apo-
ptotic cell death: blebbing, loss of symmetry, shrinkage,
and nuclear fragmentation (Fig. 2). Of note was the rapid
onset of these cellular changes, within the first 30 min after
exposure to E2.

Caspase-3 activity is increased by E2 and amplified
by NOS inhibition

Caspase-3 is a critical executioner of apoptosis in the
caspase cascade; activation requiring proteolytic degrada-
tionof the inactive 32-kDa zymogen into the activated p17
and p12 subunits. The combination (E2�L-NAME) sig-
nificantly increased activation of caspase-3, which was
inhibited by the selective caspase-3 inhibitor, Ac-DEVD-
CHO (Fig. 3A). Immunoassay of the inactive zymogen of
caspase-3 was in accord with caspase activity measure-
ments; the combination (E2�L-NAME) decreased the re-
maining protein levels of the inactive zymogen (Fig. 3B).
Notably, inactive zymogen immunoreactivity was de-
creased after only 15 min. GSK-3� is a downstream ele-
ment of the PI3K/Akt cell survival pathway, and its activity
can be inhibited by Akt-mediated phosphorylation at
Ser9. Serum-starved MCF-10A cells treated with DMSO
vehicle showed increased GSK-3� phosphorylation rela-
tive to control cells, but the combination (E2�L-NAME)
increased p-GSK-3� levels significantly (Fig. 3B).

Evidence for ER and iNOS in MCF-10A cells
Weak immunoreactivity toward ER� was observed in

MCF-10A cells, independent of cell treatment (Fig. 3B).
Immunoreactivity to eNOS and nNOS was not observed
(data not shown), but immunoreactivity to iNOS was ob-
served (Fig. 3B). A mass spectrometry proteomic analysis
was carried out on MCF-10A cells incubated in SFM to
confirm the presence of iNOS; the results were positive
(65% sequence coverage; 28 protein identification score).
The full proteomic analysis is shown in Supplemental
data, published on The Endocrine Society’s Journals On-
line web site at http://endo.endojournals.org.

Alternative NOS inhibitors support apoptosis
induced by E2

The guanidine NOS inhibitor, 1400W, is a selective and
irreversible inhibitor of iNOS (42, 43), whereas the thio-
citrulline NOS inhibitor, SMT, is nNOS selective (28, 29).
However, the inhibition potency for NOS inhibitors has
been reported to be highly tissue and species dependent.
All NOS inhibitors were observed to facilitate E2-induced
apoptosis compatible with these molecules functioning via
NOS inhibition rather than any idiosyncratic action of the
inhibitor itself (Fig. 4).
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FIG. 1. Effect of growth factors, E2, L-NAME, and inhibitors of the MAPK/ERK, PI3K/Akt, and p38MAPK pathways on viability of serum-deprived
MCF-10A cells. A, The prosurvival factor IGF in the presence and absence of NOS inhibitor (L-NAME) (5 �M) supports growth; B, E2 (1 nM) in the
presence of L-NAME decreases cell viability but has no effect in the absence of NOS inhibitor. *, P � 0.001 E2�L-NAME vs. E2 or L-NAME alone.
C, Growth was inhibited by the EGFR antagonist tyrphostin [AG1478 (AG), 5 �M] that further decreased cell viability by the E2�L-NAME
combination. **, P � 0.001. L-NAME was added 30 min before hormone, factor, or antagonist. D, Inhibition of the Akt pathway by PI3K inhibitor
LY294002 (LY) (5 �M) � E2 replicated the actions of L-NAME�E2. *, P � 0.001 for vehicle (DMSO) vs. E2�L-NAME, E2�LY, and E2�LY�L-NAME;
**, P � 0.001 for E2�L-NAME vs. E2�LY�L-NAME; #, P � 0.001 for L-NAME�LY vs. E2�LY�L-NAME. E, Inhibition of MAPK/ERK signaling
using the MAPK/ERK kinase inhibitor PD 98059 (PD) (5 �M) resulted in reduced MCF-10A cell viability independent of E2 (1 nM). **, P �
0.001 for E2�PD compared with E2 or vehicle. F, The p38 MAPK inhibitor SB203580 (SB) (5 �M) facilitated the death signal elicited by E2 but
to a lesser extent than L-NAME and LY and showed no additive effect with L-NAME (5 �M). *, P � 0.05; **, P � 0.001. All pathway
inhibitors were added 30 min before addition of E2. Data obtained by MTT assay show mean and SEM analyzed by ANOVA with Tukey
post hoc test.
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Effects of estrogens and antiestrogens in presence
of NOS blockade

In the presence of L-NAME (5 �M), the concentration
response for E2-induced apoptosis indicated an EC50 � 1
nM (Fig. 4C). The clinically relevant equine estrogen, EN,
replicated the apoptotic activity of E2 in the presence of
both NOS blockade and inhibition of PI3K/Akt signaling
(Fig. 5A). The SERM DMA, a ligand for both ER� and
ER� (44, 45), produced no significant effect in the pres-
ence of NOS or PI3K inhibition (Fig. 5B). However, the
“pure” antiestrogen, ICI did partially inhibit E2-induced
apoptosis (Fig. 5C). In contrast, G-15, a selective antag-
onist of GPR-30 (sometimes referred to as G protein-cou-
pled ER) did not inhibit the E2�L-NAME-mediated cell
death signal (31) (data not shown). The classical actions of
ER as a nuclear receptor and transcription factor have
been differentiated from nonclassical activity by use of
commercially available, membrane impermeable probes,
such as E2-BSA (46–48). Extended incubation of E2-BSA
in cell culture leads to degradation to BSA and E2; there-
fore, the E2 conjugate, 7EqCD, a stable, extranuclear ER
agonist was also employed (30, 47). Both 7EqCD (Fig. 5B)

and E2-BSA (Fig. 5D) at nanomolar concen-
tration induced cell death in simile with E2,
providing strong evidence that the ER-medi-
ated pathway is extranuclear. Selective ago-
nists of classical ER� and ER� signaling trig-
gered the estrogenic cell death signal in MCF-
10A cells (Fig. 5D); the lack of selectivity and
the replication of E2 activity support a non-
classical, extranuclear ER pathway.

Inhibition of E2-induced apoptosis by
NOS is cGMP-dependent mediated
by PKG

NO-induced antiapoptotic mechanisms
have been proposed, which are either cGMP
dependent or cGMP independent, the last
often via protein S-nitrosylation (signaling)
or caspase S-nitrosation (enzyme inhibi-
tion). E2 was observed to elicit an ER�-de-
pendent apoptotic signal in colon cancer
cells, which was counteracted by NO, pur-
portedly via caspase S-nitrosation (49). In
primary cerebellar granule cells, sustained
attenuation of constitutive NOS activity by
L-NAME (1 mM) induced apoptosis via in-
hibition of PI3K/Akt and GSK-3�; the ac-
tions of L-NAME were mimicked by the
sGC inhibitor ODQ (100 �M) that inhibits
production of cGMP (50). ODQ-induced
apoptosis has been reported in uterine epi-
thelial cells and human ovarian cancer cells

(51). Apoptotic activity in uterine epithelial cells has also
been reported for the PKG inhibitor KT5823 (52). Both
ODQ (10 �M) and KT5823 (5 �M) were observed fully to
mimic the activity of L-NAME in facilitating the apoptotic
signal induced by E2 (Fig. 6, A and B). Blockade of NO/
cGMP/PKG signaling is therefore required to reveal the E2

apoptotic signal in MCF-10A cells.

Restoring blocked NO/cGMP signaling
The diazeniumdiolates NO-donors SPE/NO and

DEA/NO and the nitrosothiol SNAP were studied to de-
termine whether exogenous NO was able to counteract
the effects of L-NAME in MCF-10A cells. L-NAME was
added as a pretreatment, 30 min before addition of E2 and
NO donor, as in the experiments described above. Sur-
prisingly, none of the NO-donor treatments were able
fully to protect cells from the apoptotic signal of E2 (Fig.
6C); indeed, the data suggested that micromolar concen-
trations of NO donors caused a further decrease in cell
viability. Finally, the sGC activator BAY58-2667 was ex-
amined, but again, no restoration of cell viability was ob-
served (Fig. 6C). To explain these observations, it was

FIG. 2. Nuclear DNA DAPI staining of MCF-10A cells at different time points showing
morphology associated with apoptosis in the presence of E2 (1 nM) � L-NAME (5 �M) in
SFM. Treated cells showed typical markers of nuclear condensation associated with
apoptosis as early as 30 min after addition of E2. Data show representative images from
analysis of triplicate cell cultures.
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postulated that prior addition of NO would be required to
restore cellular NO, thereby attenuating the ER-mediated
apoptotic signal induced by E2. Serum-deprived MCF-
10A cells were pretreated with L-NAME for various in-

cubation times before addition of E2; preincubation was
required to observe E2-induced cell death (Fig. 7A). There-
fore, NO donors were preincubated with L-NAME before

FIG. 3. Caspase-3 activation and levels of caspase and other proteins
in MCF-10A cells in SFM. A, Increased caspase-3 activity after
treatment with E2�L-NAME measured 1 or 2 h after addition of E2
(1 nM). Cell lysate supernatants were incubated overnight with
caspase-3 peptide substrate Ac-DEVD-pNA with or without Ac-DEVD-
CHO inhibitor measuring product formation at � � 405 nm. Data
show mean and SD. B, Immunoassay of protein levels from MCF-10A
cell lysates. Upper, activation of inactive caspase-3 zymogen (32 kDa)
to activated p17 and p12 subunits; cells showed significantly higher
levels of inactive caspase-3 in control cells and those treated with L-
NAME alone. Middle, GSK-3� is a downstream element of the PI3K/
Akt cell survival pathway, the activity of which is inhibited by Akt-
mediated phosphorylation at Ser9; GSK-3� phosphorylation was
decreased in control and L-NAME treated cells. Lower, Western
blotting showed ER� immunoreactivity in all cell treatments;
immunoprecipitation with iNOS antibody and Western blotting clearly
showed presence of this isoform.

FIG. 4. Comparison of NOS inhibitors in facilitation of E2-induced cell
death. Cells pretreated with the selective iNOS inhibitor 1400W (A)
and the selective nNOS inhibitor SMT (B) were assayed in the presence
or absence of E2 (1 nM) and compared with L-NAME (5 �M). E2�NOS
inhibitor treatments at all inhibitor concentrations tested are
significantly different (P � 0.001) from either agent alone. C, Cell
death elicited by E2 in the presence of L-NAME was concentration
dependent. All treatments with NOS inhibitor � E2 were significant
(P � 0.001) with the exception of treatments with E2 � 100 pM. Data
show mean and SEM.
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addition of E2 (Fig. 7B), and a similar experiment was car-
riedoutusing themembrane-permeablecGMPanalog,8-Br-
cGMP at concentrations comparable with published studies
(Fig. 7C) (53). These data show that restoration of NO/sGC/
cGMP signaling, by exogenous NO or a cGMP analog, is
abletoblocktheactionsofE2.However, theestrogenicsignal
is rapid, and once the cell is committed to apoptosis, resto-
ration of NO/cGMP signaling is ineffective.

Depletion of NO by ROS
One of the consequences of ROS generation is to reduce

NO concentrations (6). Therefore, the redox-cycling,
ROS donor, menadione was examined in MCF-10A cells
to determine whether NO depletion by ROS could mimic
the effects of NO depletion by NOS inhibition (Fig. 7D).
Low concentrations of menadione were used, because

high concentrations of ROS are well known indepen-
dently to induce cell toxicity. In the absence of L-NAME,
preincubation of MCF-10A cells with menadione was able
to facilitate the E2-induced apoptotic signal. In control
experiments, the effects of menadione on E2�L-NAME
treatment were examined: menadione had no effect when
preincubated with L-NAME. Therefore, the ability of
menadione to mimic the effects of L-NAME may be as-
cribed to the depletion of NO by ROS.

The E2�L-NAME apoptotic signal was abrogated
by caspase inhibition and mitochondrial pore
stabilization

Apoptosis via the extrinsic pathway is mediated at least
in part via loss of mitochondrial membrane integrity and
caspase activation (54). MPT, an increase in the perme-

FIG. 5. Effects of estrogens and antiestrogens on cell viability in MCF-10A cells subject to NOS or PI3K/Akt inhibition. A, Cell viability 24 h after
treatment with the equine estrogen EN (1 nM) in cells pretreated for 30 min with L-NAME or LY294002 (LY) (5 �M each). *, P � 0.001 vs. LY�L-
NAME; **, P � 0.001 vs. L-NAME. B, Cell viability 24 h after treatment with the SERM, DMA (10 nM), in the presence or absence of L-NAME, or
LY pretreatment (5 �M each) compared with treatment with extranuclear ER ligand, 7EqCD (1 nM) in the presence and absence of L-NAME (5 �M).
No significant differences in treatment groups (P � 0.05) except 7EqCD�L-NAME (P � 0.01). C, Antiestrogenic effects of DMA (1 �M) and ICI
(1 �M) on the cell death signal elicited by E2 (1 nM) in the presence of L-NAME (5 �M). D, Ability of various estrogens (all 1 nM) to elicit death
response in MCF-10A cells pretreated with L-NAME (5 �M). Membrane-impermeable BSA protein-conjugated estrogen (E2-BSA); selective ER�
antagonist MPP (methyl-piperidino-pyrazole dihydrochloride); ER� antagonist and ER� partial agonist THC; selective ER� agonist PPT [1,3,5-Tris(4-
hydroxyphenyl)-4-propyl-1H-pyrazole]. No significant difference between estrogen�L-NAME treatment groups was observed (P � 0.05). The
combination (estrogen�L-NAME) is significantly different (P � 0.001) from either agent alone. Data show mean and SEM.
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ability of the mitochondrial membrane to cytochrome C
and other factors, results from opening of MPT pores,
leading to mitochondrial swelling and cell death (55). CsA

prevents MPT by blocking pore opening, thus inhibiting
mitochondrial cytochrome C release and inhibiting apo-
ptosis mediated via MPT. The effect on serum-starved
MCF-10A cell viability after E2�L-NAME treatment was
studied in the presence of CsA and the membrane-perme-
able irreversible pan-caspase inhibitor Z-VAD-FMK.
Both treatments were shown to inhibit the death signal
induced by E2 in the presence of NOS signal blockade (Fig.
8). CsA is protective in liver and other tissues, however, it
is reported to have a relatively narrow concentration range
of efficacy and to be toxic at higher concentration (56),
consistent with our observations (Fig. 8A). The antiapop-
totic effect of Z-VAD-FMK observed in MCF-10A cells at
lower concentrations was lost at higher concentrations
(Fig. 8B), which has precedent in the literature (57). There-
fore, the observed proapoptotic estrogenic signal appears
to be mediated by MPT and is confirmed to involve
caspase activation.

NOS inhibition reveals an estrogenic cell death
signal in other breast epithelial and cancer cell lines

MCF-10A cells are an immortalized, genetically stable
cell line often used as a model for preneoplastic breast
epithelial cells (58). These cells are nonproliferative in re-
sponse to E2 and usually classified as ER negative, al-
though ER protein and mRNA have been reported in these
cells (59). In addition to MCF-10A cells, the BT20 and
HCC38 cell lines have been used as models of triple neg-
ative breast cancer (TNBC), immunohistochemically clas-
sified as lacking progesterone receptor, human epithelial
growth factor receptor-2, and nuclear ER� (60, 61). Both
BT20 and HCC38 cell lines in SFM responded to the com-
bination of L-NAME and E2 in a similar way manifesting
the estrogenic apoptotic signal in the presence of NOS
blockade (Fig. 8, C and D). As expected, ER� positive
MCF-7 cells in SFM responded to the proliferative signal
of E2. Moreover, this signal was not perturbed by
L-NAME (data not shown).

Discussion

ER� negative and TNBC
Inhibition of metabolically or hormonally induced ap-

optosis is a mechanism that may contribute to carcino-
genesis. The link between estrogen and the development
and proliferation of breast cancer is well documented. In
several ER�(�) breast cancer epithelial cell lines, there is
evidence for an antiapoptotic, prosurvival signal induced
by E2 via classical ER signaling, leading to up-regulation
of the Bcl-2 antiapoptotic factor (15, 16, 62, 63). How-
ever, in the clinical arena, before the development of ta-

FIG. 6. MCF-10A cell viability in the presence of NO/cGMP/PKG pathway
modulators and E2. Inhibition of sGC by ODQ (10 �M) (A) and inhibition of
PKG by KT5823 (KT) (5 �M) (B) added as pretreatment for 30 min before
addition of E2 (1 nM). *, P � 0.001 vs. ODQ alone and vs. KT alone or E2
alone. C, Cells were pretreated for 30 min with L-NAME (5 �M) followed
by addition of E2 (1 nM) with varied concentrations of pathway
modulators for 24 h: true NO-donor diazeniumdiolates SPE/NO and DEA/
NO, the S-nitrosothiol SNAP, and the NO-independent sGC activator
BAY58–2667 (BAY). Data show mean and SD.
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moxifen, high-dose estrogen was used to induce tumor
regression of hormone-dependent breast cancer in post-
menopausal women (64). Although the pathways by
which estrogen induces apoptosis are not completely
known, the response of normal and malignant mammary
cells to estrogens and the relationship to ER status is
clearly important in cancer therapy and prevention. In this
study, mammary epithelial cells in SFM were observed to
undergo estrogen-induced apoptosis mediated by ex-
tranuclear ER after inhibition of NO/cGMP/PKG or PI3K/
Akt signaling pathways (Scheme 1).

TNBC is an aggressive type of breast cancer with prev-
alence that is much higher in minority populations and for
which there is no optimal therapeutic treatment. How-
ever, TNBC does not describe a homogenous group of
patients or tumors, moreover, the cell lines often used as

models for TNBC are frequently reported to respond to
E2. TNBC tissues and cell lines may be positive for ER�

and its isoforms, extranuclear ER, and GPR-30. For ex-
ample, in the HCC38 ER(	) cell line, E2 and E2-BSA up-
regulated protein kinase C �, which was correlated with
tumor severity (65); in the ER(	) HC11 nonmaligant
mouse mammary epithelial cell line, an ER�-mediated ap-
optotic signal was identified (66); and, in the classic MDA-
MB-231 ER(	) cell line, E2 activated PI3K/Akt (67). Ac-
tivation of kinase cascades is a hallmark of rapid,
nonclassical estrogen signaling via extranuclear ER and is
observed in TNBC cells. ER may be trafficked between
cytoplasm, membrane, and nucleus (68), and in addition,
GPR-30 is argued to be a cytoplasmic receptor for E2 (69).
In the present work, three TNBC cell lines in SFM were
observed to be susceptible to an estrogenic apoptotic sig-

FIG. 7. Importance of timing in blockade of NO/cGMP pathway and restoration of signaling. A, The effect on MCF-10A cell viability of shortening
the preincubation time with L-NAME (5 �M) was studied with addition of E2 (1 nM) at t � 0. A 15-min preincubation with L-NAME is significantly
different from E2�L-NAME cotreatment (P � 0.001). Diazeniumdiolate NO donors (B) and the membrane-permeable cGMP analog, 8-Br-cGMP
(C), restored NO signaling in the presence of L-NAME when added to cells at the start of the 30-min preincubation period inhibiting the cell death
signal elicited by addition of E2 at t � 0. D, The ROS-generating quinone, menadione (Men), was added to serum-starved MCF-10A cells at
different time points: 1) coincident with E2 after preincubation with L-NAME; 2) coincident with E2; and 3) without L-NAME, but 30 min before
addition of E2. All E2�Men treatments are significantly different (P � 0.001) from E2 or Men alone, and they replicate the E2�L-NAME cell
viability. Separate controls were performed for each set of experiments and cell viability measured at 24 h. Data show mean and SD.
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nal, and in MCF-10A cells, this signal was shown to be
mediated by extranuclear ER rather than GPR-30.

Linkages between estrogenic and NO signaling
Activation and up-regulation of eNOS and nNOS by E2

has been reported (70–72); eNOS activation by E2 was
blocked by inhibition of PI3K, by ICI, and by L-NAME
(73). Scaffolding of ER� to MAPK/ERK, PI3K/Akt, and
eNOS has been proposed to provide estrogen-induced ac-
tivation of all three pathways (74). Marino and co-work-
ers (75) have reported that E2 binding to ER� was asso-
ciated with activation of p38 MAPK and a proapoptotic
signal, whereas overproduction, or addition of exogenous
NO, was associated with inhibition of E2-induced apo-
ptosis by S-nitrosylation of either caspase-3 or ER� (49).
The proapoptotic signal induced by E2 in MCF-10A cells
was observed on inhibition of NOS or inhibition of PI3K/

Akt signaling, but inhibition of MAPK/ERK, or p38
MAPK, pathways gave a different response. The present
data do not define if PI3K/Akt is upstream of NOS, as has
been reported for activation of eNOS. However, both in-
tact NO and PI3K/Akt signaling blocked E2-induced ap-
optosis. A correlative relationship between Akt phosphor-
ylation and elevated iNOS has been reported in breast
cancer (76).

NO as antiapoptotic factor
Several cGMP-dependent and cGMP-independent

mechanisms have been proposed for induction of pro- and
antiapoptotic pathways by NO (77), the latter including
inhibition of executor caspase activity by nitrosation of
the active site cysteine residue (78). Cytokine-induced he-
patocyte apoptosis was blocked by a cGMP analog that
also activated PI3K/Akt in these cells. However, inhibition

FIG. 8. The apoptotic actions of E2 in the presence of NOS blockade are observed in other mammary epithelial cells and in MCF-10A cells are
inhibited by antiapoptotic factors. A, The MTP inhibitor, CsA inhibited the reduction in MCF-10A cell viability induced by E2 (1 nM) � L-NAME (5
�M) measured after 24 h. Cells were preincubated with CsA and L-NAME for 30 min. B, The tripeptide membrane-permeable caspase inhibitor,
Z-VAD-FMK, was added to cells and preincubated for 30 min with L-NAME before addition of E2. Addition of CsA (1 nM) and Z-VAD-FMK (100
nM) restores the reduced cell viability (P � 0.001). C, In BT20 cells, E2 (1 nM) in the presence of L-NAME decreases cell viability but had no effect in
the absence of NOS inhibitor. *, P � 0.001 E2�L-NAME vs. E2 or L-NAME alone. D, In HCC38 cells, E2 (1 nM) in the presence of L-NAME decreases
cell viability but had no effect in the absence of NOS inhibitor. *, P � 0.001 E2�L-NAME vs. E2 or L-NAME alone. Cell viability in C and D was
measured by MTS. Data show mean and SD (A, C, and D) or SEM (B).
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of PI3K by LY294002 had no effect on apoptosis (79).
Correlations of apoptosis induced by growth factor de-
privation or cytokine application in rat hepatocytes
treated with NO donors (NONOate and SNAP), ODQ,
8-Br-cGMP, KT5823, and caspase-3 inhibitor (Ac-
DEVD-CHO), led to the conclusion that the antiapoptotic
activity of NO was partially cGMP dependent (80). Ap-
optosis of PC-12 pheochromocytoma cells induced by se-
rum starvation was observed to be inhibited by 8-Br-
cGMP, Ac-DEVD-CHO, and SNAP, the latter effect being
blocked by ODQ and by KT5823 (53). Comparable re-
sults were reported in primary cell culture of rat motor
neurons after trophic factor brain-derived neurotrophic
factor starvation, in which endogenous NO was reduced
by L-NAME (1 mM), leading to increased apoptosis (81).
Studies in primary cerebellar granule cells have added
mechanistic information (50); after differentiation, these
cells induce robust NOS activity, inhibition of which by
L-NAME (1 mM) was reported to lead to apoptosis, which
was probed using the usual tools (NONOate, Ac-DEVD-
CHO, and 8-Br-cGMP), and shown to be cGMP depen-
dent and mediated by PI3K/Akt/GSK-3, and not by MAPK
or c-Jun N-terminal kinase cascades. In the presence of
L-NAME over 96 h, a time-dependent reduction in phos-
pho-Akt and phospho-GSK-3� was reported. In neurons,
the prosurvival actions of NO appear to be mediated by
activation of PI3K/Akt elevating phospho-GSK-3� (82).
In ovarian cancer cells, linkage of NO/cGMP-mediated
inhibition of apoptosis to tumorigenesis was drawn: ap-
optosis was induced by ODQ (30–100 �M) and partially
attenuated by 8-Br-cGMP (1 mM) via activation of
caspase-3 (51). In this setting, the prosurvival activity was
ascribed to stabilization and activation of the p53 onco-
gene by NO/cGMP signaling. Finally, cell death of glu-
cose-deprived hepatocytes was observed to be prevented
by SNAP and 8-Br-cGMP, an effect attenuated by the PKG
inhibitor, KT5823, and mediated via inhibition of mito-
chondrial membrane depolarization (83). In MCF-10A
cells, perturbation of the NO/cGMP/PKG signaling path-
way, using L-NAME, KT5823, and ODQ, categorically
demonstrated that the antiapoptotic activity of NOS was
cGMP dependent and resulted in inhibition of caspase-3
activation and was likely mediated by inhibition of MPT.

NO plays a crucial role in inducing and maintaining
mitochondrial biogenesis (84). Markers of mitochondrial
function are depressed in all tissues of eNOS knockout
mice; evidence from cell cultures indicates that NO/cGMP
signaling activates peroxisome proliferator-activated re-
ceptor �, leading to mitochondrial biogenesis, activity that
can be partially replicated by exogenous SNAP (1–300
�M) and 8-Br-cGMP (1 mM) and can be partially blocked
by ODQ and inhibited by L-NAME. Of significance is the

further observation that NO/cGMP signaling inhibits
MPT, an essential event in release of proapoptotic factors,
including cytochrome C (56); and similar observations
have been ascribed to exogenous NO (85). In MCF-10A
cells, DEA/NO and SPE/NO blocked cell death induced by
E2�L-NAME when cells were preincubated with NO do-
nor before addition of E2. A similar antiapoptotic signal
was elicited by inhibition of caspase-3 and by inhibition of
MPT by CsA. The rapid induction of apoptosis by E2�L-
NAME is consistent with the role of mitochondria in
transducing and amplifying a proapoptotic signal (86).

A prosurvival role for iNOS
The potential for ROS-induced mitochondrial DNA

damage to contribute to carcinogenesis has been recog-
nized (87). Superoxide, the primary ROS produced by
mitochondria reacts with NO to form peroxynitrite, re-
leasing cytotoxic oxidizing radicals (NO2 and CO3

	). Such
nitroxidative stress is commonly associated with high
fluxes of NO from inflammatory up-regulation of iNOS.
In the present work, the presence of low levels of iNOS in
MCF-10A cells under stress from serum deprivation was
confirmed by proteomic analysis. Thus, in this system at
least, a low NO flux from iNOS is able to modulate cell
survival of breast epithelial cells under stress. Further-
more, menadione as a cellular ROS source, at very low
concentrations, inhibited this cell survival pathway, most
likely by trapping of NO by superoxide derived from men-
adione redox cycling.

In normal human mammary epithelium, both iNOS
and eNOS are expressed (88). Both the ER and iNOS
status of tissues in breast cancer is of current interest in
assessing prognostic markers and in determining thera-
peutic strategies, in TNBC in particular. In the present
study, cells that would normally be classified as ER(	)
expressed low levels of iNOS under serum deprivation,
which maintained an antiapoptotic NO/cGMP/PKG-me-
diated inhibition of MPT, blocking an estrogenic apopto-
tic signal mediated via extranuclear ER and caspase-3 ac-
tivation (Scheme 1). Whether the antiapoptotic PI3K/Akt
signal is intrinsic or parallel to this pathway was not de-
termined. In normal tissues and cells, there is evidence for
prosurvival roles for NO and for apoptotic signals from
E2. However, the conjunction of these pathways in mam-
mary epithelial cells, and the central roles of iNOS and
extranuclear ER, is to the best of our knowledge novel.
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